,Diet, genetics, and mental retardation interaction between phenylketonuric heterozygous mother and fetus to produce nonspecific diminution of IQ: Evidence in support of the justification hypothesis ( 
after an oral dose of pheny alanine, it is possible to show differential capability among siblings of known phenylketonuric children, in the expected Mendelian ratio. The mean IQ of the two-thirds of the siblings who were least able to convert phenylalanine to tyrosine (presumably heterozygotes) was 10 points lower than the mean IQ of the "normals," who were most able to synthesize tyrosine. The difference is statistically significant (P <0.01). The mean maternal IQ was halfway between that of the heterozygote group and that of the normal group, confirming the prediction of maternal-fetal interaction. It has been proposed that genetic deficiencies in nonessential amino acid synthesis might be an important basis of mental retardation (1, 2) . A homozygote for such inability would suffer rather marked deprivation in utero because he would necessarily be in a heterozygous mother and would therefore be faced with a below-normal supply of that nonessential amino acid and would also be unable to make it himself. The deprivation of any one amino acid from the protein-synthesizing substrate could retard the rate of protein synthesis and thereby result in more or less failure of brain development during the period of its most rapid growth. This has been called "The Justification Hypothesis" (2) because it compares the individual's conversion of the amino acid mixture of his diet to a mixture characteristic of his phenotype to the process by which a printer adjusts the right-hand margin of a page of type, a procedure called "justification."
A typical example of a deficiency of a nonessential amino acid occurs in phenylketonuria (PKU) , in which the only clear chemical abnormality, a lack of adequate pigmentation from birth, is the result of a deficiency in tyrosine. The deficiency of tyrosine was recognized early in the history of PKU, and
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 1562 efforts to improve patients' intellectual abilities by the oral administration of tyrosine supplements were made by Cowie (3) and others. Unfortunately, although the pigmentation abnormalities were ameliorated [for example, the hair darkened (4)], the intellectual aberrations were not affected, presumably because the tyrosine was administered too late to affect brain development. The implications, however, are far wider than the question of PKU. There are at least 32 enzymes necessary for construction of all of the nonessential amino acids. Genetic lesions could occur in any of these and, in fact, are known in a number of them, including, phenylalanine hydroxylase, all of the enzymes of the arginine (urea) cycle, and cystathionase. To investigate the hypothetical hereditary deficiency in a nonessential amino acid, we have considered PKU. A prediction of fetal-maternal interaction in the case of heterozygosity was made. In PKU the heterozygote can convert an oral load of phenylalanine to tyrosine only about half as well as a normal individual. The difference is the basis of all tests for heterozygosity. The Mendelian prediction of heterozygosity and normalcy among siblings of PKU patients is 67 and 33%, respectively. Thus, in any large sample of PKU siblings, a wide range of ability to convert phenylalanine to tyrosine should be represented. If the justification hypothesis is true, then variables that measure that conversion should correlate with IQ. Ford and Berman (5) reported that siblings of PKU children showed highly significant correlations between certain subtests of the Wechsler Intelligence Scale for Children (WISC) (6) and their ability to convert a test dose of phenylalanine to tyrosine. They also showed that these correlations were not as strong for the mothers as for their offspring. This Table 1 . For the offspring, the range of ratios at 1 hr was 171.7 and the SD was 37. 6 . These values were considerably larger than the ranges and standard deviations at other times. These data justified the use of the P2/T at 1 hr as the grouping variable.
Grouping was done by ordering the 1-hr P2/T of the offspring from the lowest value to the highest value and dividing the distribution into three groups as equal as possible in number. Although the purpose of the study did not necessitate grouping according to phenotype, and no normal control group was available, the procedure provided a theoretical basis for the low group to contain mostly normal individuals and for the middle and high groups, combined, to contain mostly heterozygotes.
In Table 2 , the means, standard deviations, and minimum and maximum values for the 1-hr P2/T are shown by group. All of the ratios for the 15 offspring in the low group (32%) were below the minimum ratio for the heterozygous mothers; the range of ratios for the 32 offspring in the middle and high groups (68%) approximated that of the heterozygous mothers. The mean capability of the obligate heterozygous mothers to convert phenylalanine to tyrosine appears to be somewhat greater than that of their presumably heterozygous offspring.
In Tables 3 and 4 , the mean plasma phenylalanine and ty- Table 5 . None of the differences tested was significant atP <0.05.
In Table 6 , the mean IQ scores are reported by test and group, with and without adjustment for age differences. A directional relationship between ability to convert phenylalanine to tyrosine and IQ was confirmed by the three significant F ratios. Additional analyses of these findings by multiple comparisons among the adjusted mean IQ scores are reported in Table 7 . The largest difference occurred on the verbal subtest and was between the low and high groups with adjusted mean IQ scores of 121 and 100, respectively.
The pattern of significant comparisons was the same for the verbal subtest and the full scale IQs: the low group was superior to the middle and high groups in separate analyses; the middle group was comparable to the high group; and the low group was superior to the middle and high groups pooled together as a single group. These results agreed quite well with the predicted outcomes.
On the performance subtest, the predicted outcomes were found for comparisons between the low and high groups and between the middle and high groups but not between the low and middle groups or between the low group compared with the combined data for the middle and high groups.
In Fig. 2 , a scatterplot of the full scale IQ scores as a function of P2/T is shown for the 47 offspring. The regression line had a significant negative slope, in contrast to a nonsignificant slope of the regression line drawn through similar data for the heterozygous mothers (Fig. 3) . The offspring had a positive relationship between ability to convert phenylalanine to tyrosine and IQ, but no such relationship was found for the heterozygous mothers.
DISCUSSION
Although the IQ range of the siblings of children with PKU has been considered to be normal, Fuller The statistical procedure applied in these comparisons was adopted from Winer (12).
* Groups adjusted for mean differences in age at testing of IQ.
t Probability values for one-tail statistical tests.
appears several days after birth, as was first shown by Armstrong et al. (17) . Suggestive evidence of a real tyrosine deficiency in PKU comes from the autopsy data of McKean and Peterson (18) in which the only amino acid found significantly decreased in concentration in both gray and white matter in the three cases studied was tyrosine. The justification hypothesis is verified in two ways by the above data: first, by the correlation of IQ with the ability of the child to convert phenylalanine to tyrosine, and second, by the lack of such correlation in the mothers. The highly significant 10-point mean IQ difference between "heterozygotes" and "normals" within the normal intelligence range confirms a prediction of a retarding effect of limited prenatal supply of tyrosine due to interaction of heterozygous mother and heterozygous fetus. The absence of such correlation in the case of the mothers who are also heterozygous underscores the maternal-fetal interaction because the heterozygous mothers had half a chance of receiving their defective gene from their fathers and thereby had the opportunity to grow in a normal mother who could deliver a normal amount of tyrosine to her fetus.
The incidence of the gene for PKU is about 1 in 50 individuals, based on the incidence of the homozygote (19) . Because half of these heterozygotes could be born in a heterozygous mother, approximately 1.25% of all children are at risk for damage from this type of maternal-fetal interaction. All other genetic diseases of amino acid metabolism constitute a gene pool about equal to size to the PKU gene pool. If the maternal-fetal interaction also occurs in these diseases, about 2.5% of all children are at risk for deficiency of one of the nonessential amino acids. This deficiency may be revealed as a more severe effect on the fetus than the minor retardation shown by our data if there is also a poor maternal protein intake. Zamenhof et al. (20) called attention to the similarity between the effect on the fetus of total maternal protein deprivation and the effect of deprivation of a single essential amino acid. Brenton et al. (21) showed that the homozygote for homocystinuria could not synthesize cystine and that, in such a case, cystine was an essential amino acid. Gaull (22) made the ingenious suggestion that the normal cystathionase deficiency in the human fetus might make cystine an essential amino acid during the fetal and perinatal periods. In the regions of the world where limited maternal protein intake prevails, the incidence of mental retardation is much higher than in the developed countries but this retardation is termed "nutritional." There is no qualitative difference, however, between nutritional retardation in the poor countries and "nonspecific" retardation in the developed countries. The risk factors in nonspecific retardation in the developed countries are primarily diseases of the mother. A review of such causes shows them to be diseases in which the mother is either chronically nauseated or is so debilitated that she eats little or nothing, so that her gross protein intake approximates or may be less than that in poor countries.
When the maternal protein intake is marginal, it would be reasonable to assume that the effect of maternal-fetal heterozygote interaction would be much more severe than was revealed by Ford and Berman (5) and by the present study, both of which were conducted in normal American families in which the mother presumably had a normal intake of protein.
The concentration of tyrosine in most dietary proteins is about 3.5% and that of phenylalanine is about 6.5%. The normal individual converts about 95% of the phenylalanine in his diet to tyrosine. If a mother eats 80 g of protein per day, she would have a nominal intake of 3.0 g of tyrosine and would supplement it by about 5 g by synthesis from the phenylalanine of her diet for a total of 8.0 g/day. The heterozygous mother on the same diet would synthesize perhaps half as much, for a total of 5.5 g/day. The delivery of tyrosine to the maternal-fetal milieu would thus be cut by about 30% in the heterozygous mother. On a good protein intake, this might not be significant as a retardant to brain growth, but both Ford and Berman's data (5) and ours suggest that even this slight deficiency may have a measurable effect on the function of the brain. In the case of the mother with low protein intake, the total deficiency would be much greater and might have severe and permanent effects Medical Sciences: Bessman et al. on the brain. In this connection it might be noted that, although there is a rather remarkable uniformity in the percentage of tyrosine in dietary proteins, it is 6.2% in cow's milk protein (23) . A heterozygous mother who received 50 g of protein per day from milk or milk products would receive 4.9 g of tyrosine and would synthesize about 2.5 g, for a total of 7.4 g, a good normal intake. There should then be little deficiency and little effect on the fetus. It underscores the importance of the qualitative as well as quantitative nature of the maternal protein intake. The homozygous PKU mother has long been known to produce badly damaged offspring. This has been reviewed recently by Pueschel et al. (24) . Seventy-five percent of live births from such mothers have been of mentally handicapped children. This conventionally is attributed to toxic effects of excessive phenylalanine in the blood of the mothers. Attempts have been made to prevent the damage to the fetus by feeding the mothers a diet containing minimal phenylalanine. The results have been questionable. Two of five children of such treated pregnancies show IQ or developmental quotient values above 75, and another is reported as "normal." Thus, at most, half of the treated patients have tested "normal." The diet proposed for subsequent pregnancies is a modification of the previous ones and contains the equivalent of 80 g of protein per day. The tyrosine content of this diet can be estimated from the amino acid composition of the components. It supplies about 4 .55 g of tyrosine and 0.87 g of phenylalanine. T~e homozygote for PKU cannot synthesize a significant amount of tyrosine from phenylalanine; therefore, the actual as well as nominal intake of the PKU mother will be 4.55 g of tyrosine per day. The normal pregnant mother has an actual intake of tyrosine slightly less than 8.0 g/day, a level twice the intake recommended for the PKU homozygous mother.t If the evidence of Zamenhof et al. (20) holds for all essential amino acids, it appears likely that the child of the homozygous PKU mother has the equivalent of a 50% protein deficient diet because, to the PKU mother, tyrosine is an essential amino acid. All of her children are necessarily heterozygotes. The high incidence of mental damage among the offspring of such mothers fits the predictions of the justification hypothesis (2) . It is therefore suggested that the maternal homozygote PKU diet be supplemented with 3-4 g of tyrosine per day.
If the justification hypothesis is further verified, it could furnish the opportunity to prevent a large part of the mental retardation now called "nonspecific" or "nutritional" simply by adding 1-2 g of tyrosine per day to the mother's diet during the last part of pregnancy, when the fetal brain is growing most rapidly (25) .
There are at least 32 enzymes required for the synthesis of all of the nonessential amino acids (26) . Theoretically, the concatenation of maternal and fetal heterozygosity for any one of them could cause the same phenomenon reported here for phenylalanine hydroxylase. The review by Hegsted (27) of the differential loss of various amino acids from the protein pool emphasizes the fact that the degree of retardation caused by deficiency of a single amino acid may be quite varied.
